The thermophilic lactic acid bacterium Streptococcus thermophilus is widely and traditionally used in dairy industry. Despite the vast level of consumption of S. thermophilus through yoghurt or probiotic functional food, very few data are available about its physiology in the gastro-intestinal tract (GIT). The objective of the present work was to explore both S. thermophilus' metabolic activity and host response in vivo. Our study profiles the protein expression of S. thermophilus after its adaptation to the GIT of gnotobiotic rats and describes the impact of S. thermophilus colonization on the colonic epithelium.
CFU/g faeces).
This progressive colonisation suggested that S. thermophilus undergoes an adaptation process within GIT. Indeed, we showed that the main response of S. thermophilus in the rat's GIT was the massive induction of the glycolysis pathway leading to formation of lactate in the caecum. At the level of colonic epithelium, the abundance of monocarboxylic acid transporters mRNAs (SLC16A1 and SLC5A8) and a protein involved in the cell cycle arrest (p27 kip1 ) increased in the presence of S. thermophilus compared to GF rats. Based on different mono-associated rats harbouring two different strains of S. thermophilus (LMD-9 or LMG18311) or weak lactate producing commensal bacteria (Bacteroides thetaiotaomicron and Ruminococcus gnavus), we propose that lactate could be a signal produced by S. thermophilus and modulating the colon epithelium.
Streptoccocus thermophilus (S. thermophilus)
belongs to the group of the thermophilic lactic acid bacteria and is traditionally and widely used as a starter in manufacturing dairy products (Emmental, Gruyere, Parmigiano, Mozarella, Yoghurt etc). Yoghurt, which results from the fermentation of milk by S. thermophilus and Lactobacillus delbrueckii sp. bulgaricus (L. bulgaricus), fulfils the current specifications required to be recognized as a probiotic product (1) . The health beneficial effect of yoghurt consumption is linked to the metabolic properties of S. thermophilus and L. bulgaricus. As such, it improves lactose digestion in the gastro-intestinal tract (GIT) through their lactose hydrolysing activity present in yoghurt and in the GIT, thus reducing symptoms of lactose intolerance (2, 3) . Yoghurt cultures were shown to induce other health benefits such as reduction of diarrhoea or allergic disorders as well as modulation of the immune system (1, 4) . S. thermophilus is also present at high concentration in VSL#3, a probiotic mixture of eight different bacterial strains, that possesses beneficial effects in several intestinal conditions (5, 6) .
Recent data indicate that strains related to S. thermophilus LMD-9 are among the 57 bacteria species found in 90% of 124 European individuals intestinal microbiota (7) . In comparison with the overall human intestinal microbiota, S. thermophilus is numerically non dominant species with variable levels (7) (8) (9) (10) . At birth, Streptococcus genus -with in some studies a precision at the level of S. thermophilus species-is among the first coloniser of the GIT, since it has been detected in infant faeces and breast milk (11) (12) (13) . Thus, Streptococcus, as pioneer bacteria colonising a yet immature GIT, may impact the maturation and homeostasis of intestinal epithelium after birth.
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Convergent data show that intestinal bacteria modulates proliferation and differentiation processes of the intestinal epithelium (14) (15) (16) , which is one of the most dynamic tissues of the whole organism. Moreover, we have recently demonstrated that microbiota increases colonic epithelium crypt depth in concordance with a well orchestrated modulation of the level of proteins involved in cycle life steps like PCNA, Bcl2, and p21 cip1 , p27 kip1 (markers of proliferation, antiapoptotic pathway and cell cycle arrest, respectively) (17) . Despite its large utilisation and consumption, its probiotic-associated traits and its presence in the intestinal microbiota, the role of S. thermophilus in the gut is still largely unknown. A previous study (18) showed that, in monoassociated animals, S. thermophilus produced an active β-galactosidase in the GIT which is responsible for lactose hydrolysis. Therefore, the aim of the present study was to expand our view of S. thermophilus' metabolic activity in the intestinal environment and to investigate its relationship with the host. To do this, we assessed the behaviour of 2 sequenced strains of S. thermophilus, LMD-9 and LMG18311, in gnotobiotic rats. We established the first global protein profile of S. thermophilus after its survival in GIT in mono-associated rats. We also described how S. thermophilus influences colonic epithelium focusing on monocarboxylic acid transporters and cell cycle arrest proteins. In view of our findings using different mono-associated models, we propose that lactate resulting from the adaptive metabolic activity of S. thermophilus may serve as a biological signal to communicate with host epithelium.
Experimental Procedures
Bacterial strains, media, and culture conditions. The strains S. thermophilus LMD-9 (ATCC BAA-491, USA), S. thermophilus LMG18311 (BCCM collection, Belgium), L. bulgaricus ATCC11842 (USA), Bacteroides thetaiotaomicron (BtII8) and Ruminococcus gnavus (FRE1) were used. Stock cultures of S. thermophilus LMD-9, S. thermophilus LMG18311 and L. bulgaricus ATCC11842 were prepared in reconstituted 10% (wt/vol) Nilac skim milk (NIZO, Ede, the Netherlands) as previously described (19 S. thermophilus/ml) and L. bulgaricus (8x10 7 L. bulgaricus/ml) were transferred to GF rat by oral gavage. As a control, GF rats were also inoculated with 1 ml of sterile Nilac milk (without bacteria). GF, mono-and di-associated rats were housed in sterile Plexiglas isolators (Ingénia, Vitry-surSeine, France). Rats mono-associated with either Bacteroides thetaiotaomicron (Ino-Bt), or Ruminococcus gnavus (Ino-Rg) were described in (17) . All groups of rats received the same standard diet (UAR), which was sterilized by gamma irradiation. Throughout the experiment, and two times a week, S. thermophilus (and L. bulgaricus in the case of Ino-LMD9+Lb) was enumerated by plating serial dilutions of the faeces. All rats were euthanized at three months old, i.e 30 days after inoculation. At 9:00 AM, rats were anesthetized with isoflurane, and tissues were recovered. The colon was immediately used either for cell isolation or for histological procedures. The luminal content of jejunum, ileum, caecum and faeces were diluted in 10 volume of M17, vigorously vortexed with sterile glass beads (3.5 mm diameter) and bacteria were enumerated. All results were expressed as log10 (CFU/gram or ml). HT29 cell line. HT29 cells were cultivated as previously described (20) and incubated with 0mM, 20mM or 50mM L-lactate for 18 hours. Scanning electron microscopy. Scanning electron microscopy (21) analyses were performed on the MIMA2 platform (http://mima2.jouy.inra.fr/mima2) with 0.2 g of caecal samples being suspended in 1 ml Tris buffer (0.1 M, pH 7.5) and mixed. Debris were removed by centrifugation at 1000 g for 5 min at 4°C. Supernatant of caecal samples were centrifuge to recover bacteria, the pellets were suspended in 0.1 M Tris buffer (pH 7.5) and 2-time washed in the same buffer by centrifugation at 5000 g for 5 min at 4°C. The bacterial pellets were suspended and fixed in 200 µl glutaraldehyde 3% ruthenium red and stored at 4°C. Scanning electron microscopy was performed as previously reported (22) . Protein extraction. Bacteria were isolated as follows. 500 ml of frozen milk cultures (3 replicates) were homogenized with an Ultra-turrax (Bioblock, Paris, France). The suspension was centrifuged at 8000 g for 10 min at 4°C and 3-time washed in Na phosphate buffer (5 mM) containing 1 mM EDTA, pH 7; bacteria were suspended in 2 mL Na phosphate buffer (20 mM, pH 7). Frozen faeces from 3 Ino-LMD9 rats were pooled and 12g of faeces were suspended in 25 ml Na phosphate buffer (20 mM, pH 6.4), homogenized with an Ultra-turrax and faecal debris were removed by 2 successive centrifugations at 400g for 5 min at 4°C. The bacteria were then collected by centrifugation at 5000 g for 10 min at 4°C, 3-time washed with Na phosphate buffer (20 mM, pH 6.4) and the pellets were suspended in 2 mL of this buffer. Bacterial pellets from milk cultures and faeces were then submitted to a high-speed centrifugation on a Nycodenz density gradient as previously described (23). After ultracentrifugation, the bacterial suspensions were washed with 14 ml Na phosphate buffer (20 mM, pH 6.4) and the bacteria were recovered by centrifugation at 5000 g for 10 min at 4°C. The bacterial pellets were suspended in 0.5 mL of Na phosphate buffer (20 mM, pH6.4) containing protease inhibitor cocktail (Sigma-Aldrich, St Louis, Mo), 40 U/ml catalase and 10 mM tributylphosphine (Applied Biosystems). Cells were mechanically disrupted with a FP120 FastPrep cell disruptor (Bio 101 Systems, Qbiogen, Irvine, Canada) by two 30s cycles of homogenization at maximum speed (6.5) at 1 min interval at 4°C. Supernatants were collected by centrifugation at 5000 g, 15 min at 4°C and centrifuged (200000 g, 30 min, 4°C); they correspond to cytoplasmic proteins whereas the pellet was a fraction enriched with envelopeassociated proteins. The protein concentrations were determined by the Coomassie protein assay reagent (Pierce, Rockford, Ill) using bovine serum albumin as a standard.
1-DE coupled to liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis.
Proteins of the cell-envelope enriched fraction (4.7 µg) from faecal sample were separated and identified by one-dimensional (1D) electrophoresis (SDS-PAGE) coupled with liquid chromatographytandem mass spectrometry as previously described (24) .
Comparative bi-dimensional (2-DE) protein analysis and image analysis.
A volume of cytosolic fraction corresponding to 250 µg of proteins was treated as previously described (25) . Fractions of three independent cultures in milk were analyzed. Fractions of two faecal batches were used, each batch resulting from the pool of faeces of three rats. Isoelectric focusing was performed with 24cm 4-7 pH IPG strip and 12% SDS-PAGE was used for the second dimension. The gels were stained with BioSafe colloidal Coomassie blue (Biorad) for 1h and rinsed out with three successive washes in deionised water. Gels were digitized using an Epson Expression 1640XL scanner set (at 256 grey levels) controlled by the Silver Fast software and analyzed using the Progenesis SameSpot software (Nonlinear Dynamics). The relative volume of each spot was obtained from its intensity and normalized with the intensity of all spots. Only spot volume differences of at least twofold between the milk and fecal samples were further analyzed. 276 different protein spots on pH4-7 2-DE gels were detected. MS analyses were performed using a Voyager-DE-STR (Applied Biosystems, Framingham, USA) on the PAPSSO proteomic plateform (http://pappso.inra.fr). The proteins were identified using MS-FIT (http://prospector.ucsf.edu). Western blot analysis. Colonic epithelial cells were isolated from the whole colon according to the method described by Cherbuy et al. (26) . Cell pellet from whole colon or from HT29 cells was immediately used for protein extraction. Western blot analysis was performed as previously described (17) by using a denaturing (SDS)-polyacrylamide gel. Proteins were analysed using anti-PCNA (GeneTex; diluted 1/1000), anti-p21 kip1 (Santa Cruz Biotechnology; 1/500), anti-Bcl2 (Santa Cruz Biotechnology; 1/400). Several loading controls were used, either GAPDH, Skp1 or cullin1 (17) . Signals imprinted on autoradiography films were quantified by scanning densitometry of the autoradiograph using Biovision 1000 and logiciel bio1D (Vilber Lourmat, France). Dosage of D-and L-lactates. D-and L-lactates were measured in caecal contents and faeces of GF and mono-associated rats by 2X-diluting of 50-100 mg samples in 0.1 M triethanolamine buffer (pH 9.15). Samples were centrifuged at 13 000 g for 5 min at 4°C, the supernatant were precipitated with trichloroacetic acid (10%) and centrifuged at 4500 g for 20 min at 4°C. The lactates were measured in the supernatants with the Biosentec D/L lactic acid enzymatic kits according to the manufacturer instructions (Biosentec, Toulouse, France). Histology and immunohistochemistry. Colon samples were cut into 2 cm sections, fixed in 4% paraformaldehyde (4 hours, room temperature), dehydrated and embedded in paraffin according to standard histological protocols. Four to five micrometer sections were mounted on SuperFrost ® Plus slides. Slides were stained with hematoxylin and eosin for histological analysis. Crypt depths were analyzed with ImageJ. Only U shaped longitudinally cut crypts with open lumina along the crypt axis were evaluated. Immunological staining was done with primary antibody anti-PCNA (GeneTex; dilution 1/5000) and with the Envision+ system-HRP (Dako, France) according to the recommendations of the manufacturer. Antigen retrieval was performed by boiling slides for 40 minutes in 0.01 mol/L sodium citrate pH 6.0. Results were expressed as percent of PCNApositive cells to total colonic crypt cells. Results were the mean obtained by analysis at least 20 crypts per rat (n=2).
RNA Isolation and Quantitative RT-PCR Analysis.
Total RNAs were extracted from colon epithelial cells of GF and mono-associated with S. thermophilus LMD-9 strain by the guanidinium thiocyanate method (27) . The RNA yield was quantified by spectrophotometer analysis and the RNA purity was determined by Agilent 2100 Bioanalyzer analysis using the RNA 6000 Nano Assay Kit. Reverse transcription was performed with 1 µg of total rat RNA using iScript™cDNA Synthesis Kit (BioRad). Statistical analysis. Results are presented as means ± SE for the number of animals indicated. Comparisons of group data between different batches of rats were performed using one-way analysis of variance (ANOVA) followed by Tuckey's student range test where appropriate. Significance was a P value lower than 0.05. Statistical analysis was performed using the JMP® software (version 7, SAS institute INC).
RESULTS

Progressive adaptation of S. thermophilus to the GIT.
After a single gavage, S. thermophilus LMD-9 progressively colonized the GIT of germ-free (GF) rats leading to Ino-LMD9 mono-associated rats ( Figure 1A ). The implantation of S. thermophilus LMD-9 occurred in a 3-step way: i) initiation phase with implantation of 10 5 CFU/g faeces ; ii) growth period between weeks 2 and 3 where it reached a population of 10 8 CFU/g faeces and iii) maintenance phase (post third week). Thus, four weeks were necessary to reach a level of 10 8 CFU/g faeces. At day 30, the population of 5 S. thermophilus LMD-9 was higher in the distal digestive compartment with an increasing gradient of population from jejunum (1.6x10 3 CFU/ml) to colon (9.3x10 8 CFU/ml) ( Figure 1B) . The progressive implantation curve was also observed with another strain of S. thermophilus, LMG18311 (Ino-LMG18311 rats). In Ino-LMG18311 rats, the final implantation of LGM18311 was similar to that obtained with LMD-9, with 2x10 8 CFU/g (n=4). To mimic the levels present in yogurt, GF rats were inoculated with a co-culture containing 10 9 CFU/ml S. thermophilus LMD-9 and 10 7 CFU/ml L. bulgaricus, in accordance with the relative proportion of both strains in yoghurt. 24 hours after gavage, L. bulgaricus was undetectable in faeces whereas the implantation curve of S. thermophilus LMD-9 was similar to that observed with Ino-LMD9 (data not shown). The progressive implantation of S. thermophilus suggested that an adaptation of S. thermophilus occurred in the GIT. It has been previously shown that the morphology of Lactobacillus sakei changed after its survival through the GIT (28) . Thus, the global morphology of S. thermophilus recovered from caecum of Ino-LMD9 rats was observed by scanning electron microscopy ( Figure 1C ). In caecum, S. thermophilus exhibited the expected ovococcus-shape chains and was present as dividing cells with visible septa.
Proteomic profiles of S. thermophilus in the digestive tract.
In the faeces of Ino-LMD9 rats, proteins of S. thermophilus were analysed by LC-MS/MS, listed (Supplemental data) and classified into different functional categories (Figure 2 ). This result showed that the main S. thermophilus LMD-9 proteins expressed in the GIT are involved in staple cellular functions as translation, carbon metabolism, nitrogen metabolism, nucleic base metabolism or transport. This indicated that S. thermophilus LMD-9 was metabolically active in the rat GIT 30 days after inoculation. Using a comparative proteomic analysis, we then identified the proteins that were differentially produced when S. thermophilus LMD-9 was grown in milk (inoculum) or when it was recovered from faeces of Ino-LMD9 rats (day 30). In both conditions, bacterial populations were similar, i.e., 1 to 5x10 8 CFU/ml (Figure 1) . 52 proteins displayed different abundances between the 2 conditions: 11 were up-regulated (induction from 2 to 11 fold) and 41 were down-regulated (repression from 3 to 25 fold) in faeces compared to milk (Table 1) .
Of the 11 up-regulated proteins, 3 are related to environmental signal responses: SodA (superoxide dismutase) and GroEL which are stress proteins and EF-Tu (Elongation Factor Tuf), which is a translation/adhesion-related protein.
The remaining up-regulated 8 proteins in the gut played a role in carbon metabolism, specifically in the glycolytic pathway. We have also verified that these proteins involved in glycolysis were more abundant in faeces of Ino-LMG18311 than in milk (data not shown). Thus, proteins involved in glycolysis that are already expressed at high level in milk (25) were over-expressed after a survival in GIT. The proteins down-regulated in faeces compared to milk were involved in protein synthesis, cell division (FtsZ), nucleotide biosynthesis and salvage (PyrG, PurC, PurL, GuaB), energy providing (F0-F1 ATP synthase AtpD) and iron metabolism (Dpr bacterioferritin). Overall, the proteins of the 2 strains of S. thermophilus that were over-expressed in the GIT compared to milk are devoted to glycolytic pathway.
Production of lactate by S. thermophilus in the digestive tract
Considering the preponderant abundance of enzymes involved in glycolysis, L-lactate concentration was measured in caecum of gnotobiotic rats. Although no lactate (either D-or L-) was found in GF rats, 13.6 mM±0.9 and 9.8 mM±2.5 L-lactate was detected respectively in caecum and faeces of Ino-LMD9 rats. Note that only the L -form was detected in caecum of Ino-LMD9 rats as expected due to the well known capacity of S. thermophilus to produce this isoform. This production of L-lactate did not induce any acidification of the caecal content of Ino-LMD9 rats (mean pH 7.7±0.08, n=11; versus pH: 7.7±0.2, n=6 GF). Acetate, propionate and butyrate levels in Ino-LMD9 (respectively 1.8 mM±0.7, <0.1 mM, <0.1 mM) were not statistically different from that obtained with GF rats (1.7 mM±1, <0.1 mM, <0.1 mM). Similar caecal concentration of lactate was measured in Ino-LMG18311 rats (10.02±3.0 mM) and in InoLMD9+Lb rats (9.91±0.99 mM); thus lactate was found in GIT of mono-associated rats with two different S. thermophilus strains.
Crosstalk between S. thermophilus and the colonic epithelium.
In the intestine, epithelial cells expressed a set of carriers involved in the transport of luminal metabolites such as short chain fatty acids by guest on http://www.jbc.org/ Downloaded from (29) . Thus, we quantified at mRNA level in GF and Ino-LMD9 rats three transporters that are able to shuttle monocarboxylic acid as lactate (SLC16A1, SLC16A2 and SLC5A8). In both lots of rats, the three RNAs were differently abundant with the following hierarchy of expression levels: SLC16A1>SLC5A8>SLC16A2 (data not shown). The SLC16A1 mRNA amount was statistically different (p<0.05) between GF (mean ∆Ct: 14.9±0.1, n=6) and Ino-LMD9 rats (∆Ct: 13.8 ±0.1, n=8), that represented a 2.2 fold stimulation in the presence of LMD-9. SLC5A8 was significantly 1.7 more expressed in Ino-LMD9 (n=8) than in GF rats (n=5), whereas SLC16A2 tended to be more expressed in Ino-LMD9 but it was not statistically different. This observation suggests that lactate produced in lumen by LMD-9 may be transported inside the colonic cells. Because of the pivotal role of bacterial metabolites in colonic tissue homeostasis, we studied in Ino-LMD9 and GF rats the global structure of colonic epithelium and the content of cell cycle related proteins. The colonic tissue of Ino-LMD9 rats was structured in crypts ( Figure 3A) , with 196±26 µm crypt depth mean and the detection of bifurcating crypts (noted with arrows in figure 3A and 3B) ; the global histological trait of colonic epithelium in Ino-LMD9 rats was thus similar to that we have previously observed in GF rats (17) . As it is well established in colon tissue, the proliferating cells, stained by PCNA ( Figure 3B ) or by Ki67 (data not shown) were located at the bottom of crypt in Ino-LMD9 rats. The PCNA positive cells represented 60±5% of total cells inside a crypt structure (n=2 rats, 20 measures per rats). This percentage was similar to what we obtained with GF rats (17) . When comparing the amount of colon proteins involved in cell cycle between Ino-LMD9 and GF rats, we noticed that PCNA, Bcl2, p21 cip were similar between GF and Ino-LMD9 rats ( Figure  3B ) whereas p27 kip1 abundance was significantly higher (1.8 fold induction) in the presence of S. thermophilus LMD-9. The induction of p27 kip1 was also observed in Ino-LMG18311 (2 fold) and Ino-LMD9+Lb (1.5 fold) (Figure 4) . In contrast to the protein level, the p27 kip1 mRNA amount was not statistically different between GF (mean ∆Ct: 4.8±0.3, n=3) and Ino-LMD9 rats (∆Ct: 4.7 ±0.1, n=4). Thus, the induction of protein p27 kip1 was observed in vivo with 2 different strains of S. thermophilus and did not result from a parallel induction at p27 kip1 mRNA level. In epithelial keratinocyte cell line p27 kip1 is induced by lactate in vitro (30) . By using intestinal line cells (HT29), we also observed that 20-50 mM L-lactate for 18 hours increased 1.5 fold p27 kip1 protein amounts ( Figure 4A and quantification of signals from three experiments).Taken together, our data suggest that lactate accumulates in GIT of monoassociated rats, is transported by carriers inside colonic cells and may increase p27 kip1 abundance. In order to demonstrate the preponderant role of lactate, we have tried to inactivate in LMD-9 the ldh gene encoding the lactate deshydrogenase responsible for lactate production. We have failed to generate this mutant (data not shown), confirming previous unsuccessful attempts to obtain this probably lethal mutant (31) . However, in rats mono-associated with Bacteroides tethaiotaomicron (Ino-Bt) or Ruminococcus gnavus (Ino-Rg) (17) containing 0 and 3.2±0.7 mM of caecal lactate, respectively, no p27 kip1 induction was observed in comparison with GF ( Figure 4B ).
Discussion
In order to gain a better understanding of the behaviour of lactic acid bacteria within the intestinal environment and the complex bacterium/host crosstalk system, here we combined in vivo characterization of S. thermophilus metabolism and the resulting host response. This study led to novel insights of the interplay between S. thermophilus and the host through its major metabolite product, lactate. The implantation of S. thermophilus in GF rats occurred progressively and this trend was observed with both strains studied, LMD-9 and LMG18311. These 2 strains differ in particular by the presence of a cell-wall protease PrtS and a sortase A1 present in LMD-9 strain. This suggests that the latter proteins were probably not essential for the kinetic of implantation of this bacterium. In contrast to S. thermophilus, the implantation was maximal in few days for E. coli (32) , R. gnavus and B. thetaiotaomicron (17) , Lactobacillus casei and Bifidobacterium breve (33) and Lactococcus lactis (23). This adaptive response of S. thermophilus was not accompanied by significant morphological changes contrarily to what was observed with L. sakei or E. coli (28, 34) . The proteomic analysis of S. thermophilus before (milk inoculum) and after GIT transit (faeces) shed light on its adaptive metabolic profile. Indeed, we showed that the main response to the passage of S. thermophilus through the rat GIT was the massive induction, at the maintenance phase, of the 7 glycolysis pathway leading to formation of lactate in caecum. Here, we propose that S. thermophilus modulates p27 kip1 through production of lactate. This hypothesis stems from five observations: 1) the main S. thermophilus metabolic pathway enhanced in GIT compared to a milk culture was the glycolysis leading to production of lactate; 2) two transporters of monocarboxylic acids were induced in Ino-LMD9, suggesting that lactate may be shuttled in colonic cells; 3) the increase of p27 kip1 level in colon was observed in the presence of two S. thermophilus strains producing equivalent amount of lactate; 4) the increase of p27 kip1 level in colon did not appear in the presence of non-or low lactate-producing bacteria (B. thetaiotaomicron and R. gnavus) and 5) p27 kip1 was induced in vitro by the presence of lactate in intestinal epithelial cells ( Figure 4A ) and in keratinocytes (30) . Obviously, our hypothesis does not exclude other underlying mechanisms involved in the interplay between S. thermophilus and the host (see below). The increase in proteins abundance belonging to glycolysis in GIT compared to milk was unexpected for S. thermophilus as these proteins are already present at high levels in the milk (25) . The capacity for a bacterium to diversify its carbon sources seems to be essential for the colonization in GF rodents (23,32,35-37). S. thermophilus is particularly-well adapted to milk, in particular via the assimilation of lactose which is its preferential sugar and is present at high and non-limiting concentration in milk (4.5g L -1 ). However, we showed here that S. thermophilus may develop an efficient ability to use other sources of saccharides present in GF rat (38) since the rat diet did not contain lactose. This flexibility is rather unexpected since S. thermophilus has a small genome with a large proportion of non functional genes (10% of pseudo-genes), in particular genes involved in carbon utilization in line with the paucity of carbon sources in milk (39) . Therefore, it would be of interest to determine whether the implantation level and the adaptive responses of S. thermophilus may be improved by using mono-associated rats receiving a diet enriched with lactose, as previously suggested (40) . The use of mono-associated rats is an efficient tool to reveal the activity of bacterial proteins, especially those with dual functions. For example, EF-Tu is an elongation factor playing a key role in protein synthesis but also in the maintenance in the GIT. The up-regulation of EF-Tu was observed in vivo for L. lactis (41) , Bifidobacterium (42) and in vitro for L. plantarum (43) . While S. thermophilus reduced most of its translation and protein synthesis machinery, EF-Tu was the sole protein belonging to protein synthesis pathway that was increased at high level in digestive tract compared to milk (induction factor 12). We thus propose that in Ino-LMD9 rats, EF-Tu -that displays the characteristics of an adhesion factor (21)-is mainly involved in the maintenance of S. thermophilus rather than in the protein synthesis.
We have recently demonstrated that the colonisation of GF rats with a complex microbiota leads to increase in the absorptive surface by deepening crypts and splitting bifurcated crypts by crypt fission process (17) . This trophic effect of microbiota is associated with a modulation of several cell-cycle related proteins. Along the colonisation with a complex microbiota, we have previously described a precocious hyperproliferative phase at the level of colonic epithelium which is counter-balanced by an induction of proteins restraining the proliferation and a decrease of anti-apoptotic proteins (17) . In contrast to what was observed with a complex microbial population, the presence of S. thermophilus did not trigger deeper crypts and the division of bifurcating crypts. Thus, as we reported previously (17) , a single strain is not sufficient to switch on proliferation and the associated greater absorptive surface. In contrast, the induction of cell cycle arrest proteins could be triggered by a single bacterium. Indeed B. thetaiotaomicron and R. gnavus increased p21 cip1 (17) while S. thermophilus increased p27 kip1 . p21 cip1 and p27 kip1 are cyclin-dependent-kinases (CDKs) inhibitors and are preponderant cell cycle regulators in GIT (44) . In particular, p27 kip1 is involved in the capacity of epithelium and host to attenuate deleterious effects of environmental stimuli (45) . Thus, we have shown that p27 kip1 is stabilized in vivo by a complex microbial population (17) and by S. thermophilus (Figures 3  and 4) . The induction of p27
Kip1 by a complex microbiota or by S. thermophilus may not result from similar mechanisms since no lactate was detected in luminal content of conventional rats (data not shown). It has also been observed that p27
Kip1 was enhanced by bacterial cyclomodulin like Cif (cyclin inhibitor factor) (46) . So, p27 Kip1 seems to be sensitive to different bacterial effectors. The expression levels of the two transporters SLC16A1 and SLC5A8 were stimulated in Ino-8 LMD9 rats where luminal lactate was around 10 mM. Our observation is in accord with previous reports suggesting that monocarboxylic acid transporters provide link between bacteria and the host (47) (48) (49) . In human healthy adults, no or low (0 to 2 mM) lactate is detected in fecal samples (50, 51) , since the luminal lactate is absorbed by host and is also used as an energy source by other commensal bacteria (52) (53) (54) . However, increased fecal lactate has been associated with intestinal mal-absorption and colitis (55) . It could also be of interest to measure fecal lactate in humans with short bowel syndrome, since we have shown that their microbiota is deeply enriched in lactobacilli at the expense of others bacterial members (22) . Thus, the effect of lactate that we evidenced here by using a model of lactic acid bacteria in an experimental model may have significance in human digestive diseases. Since S. thermophilus is able to adapt its global metabolism to gut environment and to induce monocarboxylic acid transporters and p27 kip1 , this work provides new insights into the functional "panoply" of one of the two yoghurt bacteria. Finally, the fact that S. thermophilus emphasizes its carbohydrate metabolism in the digestive tract is in accord with the beneficial role of fermented milk consumption in improving lactose intolerance. Fig. 1 . S. thermophilus in the digestive tract. Enumeration of viable S. thermophilus isolated from faeces (A) and different rat digestive tract sections (B) of Ino-LMD9 rats. Faecal or luminal sample were diluted and immediately plated on culture medium M17+lactose. Colonies were numbered after 24h-anaerobic culture. Results are expressed on a log scale. n: number of rats used. (C) Snaps shot of S. thermophilus isolated from caecum of Ino-LMD9 rats obtained by scanning electron microscopy. Fig. 2 . Functional distribution of the proteins of S. thermophilus LMD-9 isolated from rat faeces.
FIGURE LEGENDS
Proteins from the envelope-enriched fraction were separated and identified by liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS). Transport, regulation: transporters and regulators, respectively, other than those involved in carbon metabolism, nitrogen metabolism, nucleic base metabolism. In brackets: number of proteins. kip1 from HT29 incubated with 0mM, 20mM or 50mM L-lactate for 18 hours (two independent experiments are shown). B) Typical autoriadography films of Western blot revealing p27 kip1 and loading control from colonic epithelial cells of GF (n=2) and four different mono-associated lots of rats. Ino-LMG18311 (n=4), Ino-Bt (n=3) and Ino-Rg (n=3) respectively harboured S. thermophilus strain LMG18311, B. thetaiotaomicron and R. gnavus. Ino-LMD9+Lb rats (n=5) have been inoculated with a mixture of S. thermophilus and L. bulgaricus. At the end of the experiment (30 days after the gavage), rats were only mono-associated with S. thermophilus, since L. bulgaricus did not efficiently implanted. Ino-LMD9 -faeces Figure 1 
